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Aquaporin-mediated water transport across cellular membranes is an ancient, ubiquitous mecha-
nism within cell biology. This family of integral membrane proteins includes both water selective
pores (aquaporins) and transport facilitators of other small molecules such as glycerol and urea
(aquaglyceroporins). Eukaryotic aquaporins are frequently regulated post-translationally by gating,
whereby the rate of ﬂux through the channel is controlled, or by trafﬁcking, whereby aquaporins are
shuttled from intracellular storage sites to the plasma membrane. A number of high-resolution
X-ray structures of eukaryotic aquaporins have recently been reported and the new structural
insights into gating and trafﬁcking that emerged from these studies are described. Basic structural
themes reoccur, illustrating how the problem of regulation in diverse biological contexts builds
upon a limited set of possible solutions.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Water homeostasis is central to the physiology of all living cells.
All biological membranes have an intrinsic water permeability that
depends upon their lipid composition. Nevertheless, the invention
of an ancient water transport facilitator by the duplication and fu-
sion of a three trans-membrane helix motif [1] enabled the host to
tune the water permeability of its biological membranes, and
hence control the ﬂux of water into and out of cells [2]. Besides
water, some aquaporin family members have also developed other
speciﬁcities such as glycerol [3], urea [3], arsenite [4] and carbon
dioxide [5,6] speciﬁc channels, where the name aquaglyceroporin
has been coined to represent those aquaporins that facilitate the
passage of small polar molecules in addition to water.
Evolutionary advantages conveyed by aquaporins have made
the aquaporin gene ubiquitous throughout nature. In prokaryotic
and other micro-organisms, aquaporins are believe to aid survival
by providing protection against osmotic shock and rapid freezing
[7]. For higher eukaryotes, the aquaporin family members have
been shown to perform a diverse range of physiological functions
including (but by no means limited to) concentrating urine in the
kidneys [8], controlling glycerol uptake into cells [9], actively
maintaining water homeostasis within the brain [10]; extruding
water in sweat, saliva and tear glands [11], maintaining the buoy-
ancy of ﬁsh-eggs in seawater [12]; tightly regulating plant cell
osmolarity [13] and driving the opening and closing of ﬂower pet-chemical Societies. Published by E
utze).als [14]. Aquaporins have also been implicated in cell migration
during tumor growth [15], they facilitate the uptake of glycerol
during the blood phase of the malaria parasite [16], and they accel-
erate swelling in brain edema [17], all of which make aquaporins
attractive potential pharmaceutical targets for inhibition [18–20].
Structural studies of aquaporins initially focused on the seem-
ingly contradictory requirements of allowing water molecules to
move across the biological membrane almost at the diffusion rate
while preventing the passage of protons. From the ﬁrst high-reso-
lution structures of aquaporin family members solved by electron
diffraction [21] and X-ray diffraction [22] an ‘‘hourglass” fold, ini-
tially suggested from sequence considerations [23], was conﬁrmed.
As illustrated in Fig. 1, the aquaporin fold is formed by six trans-
membrane a-helices that surround a single, narrow aqueous path-
way through the membrane. Loops B and E (Fig. 1A and B) which
each contain the aquaporin signature NPA-motif (asparagine, pro-
line, alanine), form half transmembrane helices and fold into the
channel from opposite sides of the membrane, effectively creating
a seventh broken-trans-membrane helix with the NPA-motifs
placed at the center of the channel (Fig. 1C).
Since a-helices have a natural dipole moment, these two half-
helices both focus their positive dipole on the center of the channel,
creating an electrostatic barrier for the movement of protons and
inducing a complementary alignment of the dipole moments of
water molecules as they move past the NPA aquaporin signature
motif [24–26]. Water selectivity is achieved by the existence of a
constriction region located at the extracellular side of the channel.
This constriction region contains a conserved ar/R (aromatic/
arginine) motif which acts as a selectivity ﬁlter (Fig. 1C). In thelsevier B.V. All rights reserved.
Fig. 1. Structural overview of aquaporins.(A) Topology map showing the basic aquaporin fold and highlighting regions that appear to be unusually long. (B) Overall structure
of aquaporin family members, highlighting the six trans-membrane fold (blue) and the two half-helices (yellow) which enter in from loops B and E to form a pseudo seventh
transmembrane helix. (C) Details of the NPA and ar/R motifs of the aquaporin family, with water molecules shown in red. (B) and (C) are drawn from the X-ray structure of
human AQP5 [53].
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transport of larger molecules and it is believed that both the polar-
ity and diameter of this region of the pore is crucial for achieving
the facilitated transport of polar solutes other than water [27,28].
With these structural foundations established for understand-
ing functionality and selectivity of aquaporin family members,
attention has more recently turned towards the question of how
aquaporins are regulated post-translationally. Phosphorylation of
conserved serine or theronine residues is suggested to play a role
in both gating and trafﬁcking of eukaryotic aquaporins [18,29–
34]. Changes in pH [35–37], changes in divalent cation concentra-
tions [35,36,38–40], and changes in osmolality [41–43] can also
directly inﬂuence the water permeability of the plasma membrane
in various cells. Recent high-resolution X-ray and electron diffrac-
tion structures of plant [44], yeast [45] and mammalian [21,46–53]
aquaporins have shed new light on how aquaporins are regulated
at a molecular level. In this mini-review we emphasize recent ad-
vances in aquaporin structural biology that have provided new in-
sight into the structural mechanism of eukaryotic aquaporin gating
and trafﬁcking. In particular we discuss the similarities that arise in
the position of key residues which gate the water transport chan-
nels across the plant, yeast and animal kingdoms, and the way inwhich speciﬁc key structural motifs involved in gating appear to
also inﬂuence trafﬁcking. These ﬁndings illustrate how common
structural principles have evolved to regulate aquaporins across
all three major eukaryotic kingdoms, emphasizing how the basic
aquaporin fold facilitates only a limited number of solutions to
the problem of post-translational regulation.
2. Regulated aquaporins of known structure
Thirteen crystal structures of aquaporins have been reported
beyond 3.5 Å resolution to date using both electron and X-ray dif-
fraction. These structures are bacterial AQPZ [27,54] and GlpF
[22,25] from Escherichia coli; archaeal AQPM [55] from Methanoth-
ermobacter marburgensis; Aqy1 [45] from the yeast Pichia pastoris;
PfAQP [56] from the microbial parasite Plasmodium falciparum;
plant SoPIP2;1 [44] from spinach; ovine [47,48] and bovine [49]
AQP0; human [21] and bovine [50] AQP1; human [46] and rat
[51,52] AQP4; and human AQP5 [53].
Compelling biochemical evidence exists in support of the gating
of the plant plasma membrane aquaporins by pH [37], divalent
cations [57,58], and phosphorylation [38,42]. Intuitively it is easy
to comprehend why the water permeability of plant plasma
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osmotic gradients are integral to all aspects of plant physiology. In
particular, the turgor pressure maintains the very structure and
rigidity of plant cells, whereas plant wilting arises as a macroscopic
manifestation of the loss of osmotic balance due to water shortage.
Under conditions of drought stress and, perhaps more surprisingly,
ﬂooding, plants respond by rapidly closing all plasma membrane
aquaporins. This initial response allows the cell to buy time to
switch on more expensive biochemical responses such as synthe-
sizing compensating osmolytes [59], although the reasons for the
ﬂooding response are less apparent [60]. Recent studies have also
shown that plant aquaporin activity may be regulated by light
[61], and in addition to post-translational regulation by gating,
plant plasma membrane aquaporins are further regulated by traf-
ﬁcking from the plasma membrane to intracellular storage vesicles
[31], again in response to external stress.
Evidence for the gating of yeast aquaporins ﬁrst emerged for the
glycerol facilitator Fps1 of Saccharomyces cerevisiae for which the
release of glycerol following a drop in external osmolarity was
shown to depend upon the presence of the gene encoding Fps1
[62]. Glycerol transport rates were subsequently shown to be reg-
ulated by short domains of both the N-terminus [41] and the C-ter-
minus [63] that are required for the retention of cellular glycerol
under hypertonic stress. The pure-water transport facilitator
Aqy1 of P. pastoris has also been demonstrated to be regulated by
the N-terminus [45]. In particular the deletion of its extended
N-terminus, mutation of an N-terminal tyrosine residue, and the
mutation of a serine residue in loop B, all induced a dramatic in-
crease in water transport activity for Aqy1 [45]. The question as
to why it may be necessary to tune the water permeability of the
plasma membrane of microbes is not as immediately obvious as
for plants. Nevertheless, the prevention of cell rupture under con-
ditions of sudden osmotic shock, such as when ripe fruit burst or
rain drops strike, and during sudden freezing and thawing [7,45],
as may occur when rain strikes frozen ground or animals breath
in and expel microbes in subzero climates, appear plausible sur-
vival advantages conveyed by aquaporins.
Biochemical studies implying that mammalian aquaporins of
known structure are gated have been more controversial. AQP0 is
found exclusively within the plasma membrane of vertebrate eye
lens ﬁber cells. These thin, elongated cells are ﬁlled with transpar-
ent crystalline proteins that maintain the transparency of the eye
lens. Both excess hydration and dehydration of their intracellular
space impairs the transparency of the lens, and AQP0 has evolved
to become a poor water facilitator which maintains water homeo-
stasis throughout the lens without being susceptible to rapid
changes in osmolarity, such as arising from tears. AQP0 also partic-
ipates in membrane contacts between stacked lens ﬁber cells [64]
and speciﬁc mutations of AQP0 have been identiﬁed as a cause of
cataracts [65,66]. Although AQP0 has a water transport permeabil-
ity only a few percent of that of AQP1 at pH 6.5 [67], it has been
suggested that this water activity is reduced three-fold at pH 7.5
by gating [35,68]. It has also been proposed that AQP4, which is
found within astrocytes, lungs and in the collecting duct of the kid-
neys, is regulated by phosphorylation. Activation of protein kinase
C in kidney cells expressing AQP4 signiﬁcantly decreased their
membrane permeability, but this effect was not observed when
Ser180 was mutated [69]. Since GFP labeled variants of AQP4 using
the same cells did not imply regulation by trafﬁcking, it was con-
cluded that the effect of Ser180 phosphorylation was to mediate
water permeability by gating.
Whereas questions remain concerning the physiological signiﬁ-
cance of mammalian aquaporin gating, there is no doubt that the
trafﬁcking of mammalian aquaporins plays a key role in maintain-
ing water homeostasis throughout the body. Aquaporin trafﬁcking
was ﬁrst recognized for AQP2 in connection with its role in concen-trating urine within the kidneys [70] and it remains the best
characterized of all trafﬁcked aquaporins [71,72]. Speciﬁcally, vaso-
pressin activates a signaling cascade which results in the phosphor-
ylation of AQP2, which in turn triggers its redistribution from
intracellular storage vesicles into the plasma membrane thereby
enhancing its water permeability [70,72]. Site-speciﬁc phosphory-
lation of AQP1 [43,73], AQP2 [74,75], AQP5 [76–78] and AQP8
[79] has also been implicated to trigger membrane speciﬁc trafﬁck-
ing. In all cases, aquaporin trafﬁcking is used to initiate a biological
response that is rapid in relation to that which could be achieved by
regulation at the gene level. For example, in addition to the role in
urine concentration played by the trafﬁcking of AQP1 and AQP2 in
the kidneys, AQP8 trafﬁcking occurs in the liver, and the production
of tears, sweat and saliva are all controlled by the trafﬁcking of
AQP5 within speciﬁc glands. Virtually no structural details are
known concerning the mechanism of how aquaporin phosphoryla-
tion leads to the recognition of the ﬂagged protein and its subse-
quent translocation into the plasma membrane, although several
different protein:protein interactions are essential which involve
the usual suspects such as SNARE proteins [71,72].3. Structural mechanisms of gating
It is simple to understand how the ﬂow of water through a tap is
regulated by opening or closing a valve thatwidens or constricts the
path available for the passage of water. X-ray structures of eukary-
otic aquaporins have revealed that the same principle also applies
at a molecular level when regulating the movement of water into
and out of cells. Pioneering high-resolution structures of aquaporin
family members [21,22,50] revealed that the water translocation
channel is wide enough to allow a single, continuous ﬁle of water
molecules to stretch across the entire membrane (Fig. 1C), although
it narrows slightly at the extracellular constriction site deﬁned by
the ar/R selectivity ﬁlter, and is somewhat wider in this region for
aquaglyceroporin family members [22,56]. High-resolution struc-
tures of gated aquaporins show that the cytoplasmic entry into
thesewater channels contains a second, signiﬁcantly narrower con-
striction site (Fig. 2A) which signiﬁcantly hinders the movement of
water molecules. Although molecular dynamics simulations imply
that a small residual water permeability remains for the closed con-
formations [44,45,80], the creation of a second energy barrier to
water permeation enables these trans-membrane water channel
to be opened and closed at the single molecule level.
Three eukaryotic aquaporin structures solved at high-resolution
reveal the presence of this second constriction site: mammalian
AQP0 found in the eye lens [47–49], a plant plasma membrane
aquaporin SoPIP2;1 [44], and a yeast plasma membrane aquaporin
Aqy1 [45]. Moreover, for all three cases this cytoplasmic constric-
tion site is deﬁned by the insertion of a residue into the pore, which
is a tyrosine residue in the cases of AQP0 and Aqy1, and a leucine
residue for SoPIP2;1. When overlaid, it is striking that all three
structures place the key ‘‘blocking residue” at the same position
within the water channel (Fig. 2B). This is despite the very different
position of these residues in sequence, with Tyr31 of Aqy1 located
in the N-terminus, Tyr149 of AQP0 located in loop B, and Leu197 of
SoPIP2;1 located in loop D (Fig. 3). These structural ﬁndings pres-
ent an elegant example of convergent evolution, since these three
aquaporin structures each sample the major divisions within the
eukaryotic kingdom of animals, plants and yeast. Thus the chal-
lenge of regulating the ﬂow of water across biological membranes
by gating has been solved independently several times, with differ-
ent solutions in terms of sequence offering conceptually similar
solutions in terms of structure.
It is not difﬁcult to imagine how conformational changes trig-
gered by phosphorylation or other triggering events could induce
Fig. 2. Comparison of the gating mechanisms of eukaryotic aquaporins. (A) Calculation of the pore diameter of plant SoPIP2;1 (green), sheep AQP0 (purple), human AQP4
(red) and yeast Aqy1 (orange). (B) Structural overlay of SoPIP2;1 (green), AQP0 (purple) and Aqy1 (orange) showing how the key residues blocking each of these closed
channels overlap.
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which displaces the key blocking residues and thereby opens the
channel, in analogy with the opening of a tap. Indeed, for both So-
PIP2;1 and Aqy1 molecular dynamics simulations were used to ex-
plore the extent to which known (and postulated) phosphorylation
events could induce channel opening. Both studies indicated that
phosphorylation of a key serine residue in loop B (Ser115 in So-
PIP2;1, Fig. 3A and B and Ser107 in Aqy1, Fig. 3C) could induce con-
formational changes leading to enhanced water transport activity
[44,45]. In the case of SoPIP2;1, a low-resolution crystal structure
of the open conformation has also been determined and this re-
vealed that loop D, which contains the blocking residue Leu197
(Figs. 2B and 3A), was entirely displaced by a half-helix extension
of helix 1 into the cytoplasm, bringing the SoPIP2;1 structure closer
to that of the mammalian aquaporins and removing the hydropho-
bic plug which blocks the water channel. Crystal structures of
single and double mutants of SoPIP2;1 designed to mimic phos-
phorylated states of this spinach aquaporin revealed a signiﬁcant
rearrangement of the N-terminus, disrupting the divalent cation
binding site central to the gating mechanism. However, the confor-
mation of loop D was not signiﬁcantly changed and an open con-
formation was not achieved [80].
From the crystal structure of the yeast Aqy1, which contains an
extended N-terminal coiled helical bundle with a superﬁcial
resemblance to the mechanosensitive ion channel MscL [81], weproposed that mechanosensitive gating of Aqy1 may impart resis-
tance to osmotic shock and freezing while maintaining a relatively
non-porous membrane under normal conditions. Molecular
dynamics simulations of both a stretched and twisted membrane
implied that the Aqy1 channel could be opened by mechanical
forces, and the mode of opening was similar to that observed when
mutating Ser107 to an aspartate residue [81]. Functional studies
have also suggested the possibility of aquaporin mechanosensitiv-
ity for Aqy1 of S. cerevisiae [82] and for the plant plasmamembrane
aquaporins [83].
For mammalian AQP0 nature has evolved to hinder the ﬂux of
water through the eye lens through a similar structural mechanism
to that used to close Aqy1 and SoPIP2;1 (Fig. 2A). Unlike SoPIP2;1
and Aqy1, however, the water transport activity of AQP0 is always
drastically lowered relative to that of the other pure-water facilita-
tors, being of the order of 2–6% of that of AQP1 [35,68]. This excep-
tionally low activity is presumably integral to the dual function of
AQP0 to maintain water homeostasis in the eye lens and form
tight-junction contacts between lens ﬁber cell membranes. AQP0
tetrameric contacts observed within 2D crystals have been sug-
gested to mimic the AQP0 packing within lens ﬁber cell junctions
[64] whereas that observed in 3D crystals is considerably different
[49]. Comparison of the X-ray structure [49] and electron diffrac-
tion structure [48] reveals that the extracellular loop A has notice-
ably different conformations in the two crystal forms [84],
Fig. 3. Detailed view of the phosphorylation sites in regulated aquaporins. (A) Crystal structure of SoPIP2;1 reveals how loop D caps the protein from the cytoplasm and
places Leu197 in a position blocking the water channel. (B) Close up view of the site of regulation of SoPIP2;1 illustrating the phosphorylation site Ser115, the pH regulation
site His193, and the divalent cation binding site (black ball). (C) Crystal structure of Aqy1 showing the putative phosphorylation site Ser107 and Tyr31 which blocks the yeast
aquaporin channel. (D) Structure of loop D of AQP5 overlaid upon that of AQP4. Ser152 and 156 of AQP5 are known phosphorylation sites, as is Ser180 of AQP4.
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effect due to close contacts between the extracellular domains
[47,48]. A possible mechanism of pH sensitive gating of AQP0
due to changes in the protonation states of Tyr40 [35,68] or
Tyr149 [47], however, is not supported by comparison of these
crystal structures since the pH effect would imply that the electron
diffraction structure, which was crystallized at lower pH than the
X-ray structure, would be relatively open yet the opposite is true.
4. B-loop regulation and interactions with the N-terminus
Plant plasma membrane aquaporins can be closed by adding
divalent cations [57] or lowering the pH, whereupon a strictly
conserved histidine residue in loop D becomes protonated [37].
Conversely, channel opening is believed to be induced by phos-
phorylation of the conserved Ser115 found in loop B (Ser126 in
maize PIP2;1, [85]) at the cytoplasmic end of helix 3, and the effect
is enhanced by the phosphorylation of Ser274 near the C-terminus
[38,42]. From the crystal structure of SoPIP2;1 (Fig. 3A and B) it be-
came apparent how these very distinct biochemical signals, sepa-
rated in both space and sequence, could combine within a single
mechanism of plant aquaporin gating [44].
Speciﬁcally, the key residue blocking the channel of SoPIP2;1 is
the conserved Leu197 (Fig. 2) of an extended loop D (Fig. 1A). This
extended loop caps the channel entrance from the cytoplasm sinceit is structurally anchored by a water-mediated network of H-bond
interactions to loop B and the N-terminus (Fig. 3B), which also con-
tains a divalent cation binding site occupied by Cd2+ in the struc-
ture but which is presumably Ca2+ in vivo. This structural ﬁnding
locates the divalent cation site, Ser115 and His193 all in close prox-
imity and uniﬁes the disparate mechanisms of pH, divalent cation
and phospho-regulation within one structural umbrella. Moreover,
the water transport regulation effect of Ser274 can also be under-
stood since this residue interacts with loop D of a neighboring pro-
tomer in a way that stabilizes the closed conformation [44].
Water transport activity measurements of plasma membrane
aquaporins with the Cd2+ ligands Glu31 and Asp28 mutated
(Fig. 3B) showed the effects of divalent cation and pH inhibition
were lost in these mutants [58], consistent with this structural
mechanism. Phosphorylation of Ser115 was also postulated to dis-
rupt this connectivity between loop B, loop D and the N-terminus,
and thereby induce a conformational change to an open conforma-
tion. Somewhat disappointingly, the crystal structure of the S115E
mutant showed loop D to remain in the closed conformation,
although this mutation did disrupt the Cd2+ binding site and in-
duced a conformational change of the N-terminus [80] (Fig. 4A).
Whereas molecular dynamics trajectories with Ser115 phosphory-
lated indicated a partial opening of the channel [44], similar simu-
lations of the S115E mutant did not successfully open the channel,
from which it was concluded that the additional negative charge
Fig. 4. Structural overlays of eukaryotic aquaporins. (A) Overview of loop B and the N-terminus. (B) Close up views of conserved H-bond interactions between the triad
formed by an aspartic acid, arginine and glutamate residues. Aquaporin structures are colored as: SoPIP2;1 (green), S115E mutant of SoPIP2;1 (light grey); Aqy1 (orange);
AQP1 (dark grey); AQP4 (red); and AQP5 (blue).
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conformational change of loop D required to open the channel
[80]. On the other hand, mutation of Ser188 in loop D to a gluta-
mate yielded a measurable increase in water transport activity
[80], as did mutation of the corresponding residue Ser203 of maize
PIP2;1 [85], suggesting that this may be an additional site for
regulation.
We previously noted that several of the key residues that inter-
act in the regulatory mechanism of SoPIP2;1, such as Glu31, Ser115
and Arg118, are well conserved in the sequences of mammalian
aquaporins [84]. Although the crystal structures of AQP0 and
AQP1 do not show these interactions since the N-terminus is lo-
cated further from loop B in these structures (Fig. 4A), in the crystal
structure of human AQP5 this triad formed by glutamate, serine
and arginine residues is perfectly conserved structurally (Fig. 4B).
These conserved interactions thus anchor the AQP5 N-terminus
to loop B in a manner similar to that of the plant aquaporin
although, unlike SoPIP2;1, this region forms H-bond interactions
to the C-terminal domain of AQP5 [53] rather than to loop D. Since
Ser83 of AQP5 is not found in a consensus phosphorylation site its
potential role in the regulation of AQP5 must be indirect, if it has
any role to play at all.
It is tantalizing to note that the corresponding Ser111 of AQP4
lies in an almost identical cAMP and cGMP-dependent phosphory-
lation side to that of Ser115 of SoPIP2;1 and phosphorylation of
Ser111 has been suggested to increase the water conductance of
AQP4 by 40% [86]. Although the crystal structure of AQP4 [46]
showed Ser111 and Lys114 to adopt conformations similar to the
corresponding residues in AQP5 and SoPIP2;1 (Fig. 4B), the water
pore is undoubtedly open (Fig. 2A) and the N-terminus of AQP4
was not resolved in the structure, probably due to trypsin treat-
ment cleaving both N- and C-termini during crystallization. Since
AQP4 does not have a negatively charged residue that corresponds
to Glu31 of SoPIP2;1 or Glu4 of AQP5, the potential interactions of
loop B with the N-terminus must be speculative. Moreover, loop D
of AQP4 is four residues shorter than its counterpart in SoPIP2;1
(Fig. 1A), making it unlikely that their respective gating mecha-
nisms are similar. Curiously residues 23–32 of the N-terminus of
AQP4, which contains a phosphorylation site at Thr32, have also
been recently identiﬁed as a key determinants governing pro-
tein:protein interactions with Na+/K+ ATPase and mGluR5 in astro-
cytes [87]. These interactions lead to a microdomain formation
that is suggested to enhance the efﬁciency of potassium and gluta-
mate clearance after neuron activity.Phosphorylation has also been identiﬁed as a mechanism of
post-translational regulation of the yeast aquaglyceroporin Fps1
of S. cerevisiaewith Thr231, located near the cytoplasmic end of he-
lix 1, being phosphorylated in vivo and this residue’s phosphoryla-
tion state critically affects activity [88]. Although we were not able
to conﬁrm if Aqy1 is phosphorylated in vivo, the S107D mutant
showed a fourfold increase in water transport activity relative to
the wild-type protein whereas the activity of the S107A mutant
was almost unaffected [45]. Molecular dynamics simulations of
the S107D mutant also indicated a signiﬁcantly reduced energy
barrier to water transport for the modiﬁed protein. Fig. 3C shows
how Ser107, which is located in loop B at the cytoplasmic end of
helix 2, connects via a sequence of H-bond interactions to Tyr31,
the key residue blocking the channel. Should this residue be phos-
phorylated in vivo then it seems plausible to expect that structural
perturbations may even displace Tyr31 from the channel and
thereby achieve an open conformation.
5. Regulation sites in the D loop and interactions with the
C-terminus
Evidence has recently emerged to suggest that plant plasma
membrane aquaporins are also regulated by phosphorylation
dependent trafﬁcking. Speciﬁcally, when the roots of the model
plant Arabidopsis thalianawere treated with salt and hydrogen per-
oxide, treatments known to strongly decrease the plasma mem-
brane water permeability, the phosphorylation states of Ser280
and Ser283 were altered [31]. Moreover, using a green ﬂuorescent
protein (GFP) fusion, the phosphorylation of Ser283 was shown to
be required to target AtPIP2;1 to the plasma membrane, and under
salt stress the dephosphorylation of Ser283 led to accumulation of
AtPIP2;1 in intracellular structures. Ser283 of AtPIP2;1 corre-
sponds to Ser277 of SoPIP2;1, three residues beyond the point to
which the X-ray structure of the C-terminus was resolved.
Considerably more is known regarding the mechanism of traf-
ﬁcking of mammalian aquaporins. The role of AQP2 in urine con-
centration stimulated by the antidiuretic hormone vasopressin
has long been recognized [70] and has been studied extensively
ever since [18,30]. Phosphorylation of Ser256 in the N-terminus
of AQP2 by protein kinase A [29] ﬂags the protein for membrane
trafﬁcking from intracellular storage vesicles to the apical plasma
membrane of the kidney collecting duct, thereby enhancing water
retrieval. An additional C-terminal phosphorylation site at Ser269
has also recently been suggested to be involved in AQP2 trafﬁcking
Fig. 5. Structural overlays of eukaryotic aquaporins. (A) Overview of loop D and the C-terminus. (B) Close up views of conserved H-bond interactions between loop D and the
loop that links helix 6 to a short C-terminus a-helix. Aquaporin structures are colored as: AQP0 (purple); AQP1 (dark grey); AQP4 (red); and AQP5 (blue).
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to participate in recognizing the modiﬁed protein and guiding it
into the apical plasma membrane [89].
Unfortunately the electron diffraction crystal structure of AQP2
was solved only to limited resolution [90] and therefore does not
provide atomic level insight into the mechanism of AQP2 trafﬁck-
ing. Nevertheless an X-ray structure of AQP5, which is the closest
homolog of AQP2 and is also regulated by trafﬁcking, has been
solved to high-resolution [53]. AQP5 trafﬁcking is involved in the
excretion of moisture from tear, sweat and salivary glands [18].
Movement of AQP5 from an intracellular storage sites or lipid rafts
to the plasma membrane [77,78] is again believed to be triggered
by modiﬁcations to a number of potential phosphorylation sites,
with direct experimental support suggesting a regulatory role for
Ser152 [33] and Ser156 [34] in loop D and Thr259 of the C-termi-
nus having also been discussed [78].
Since the structure of the C-terminus could only be built as far
as Pro245, little could be concluded regarding a possible role for
Thr259 in AQP5 trafﬁcking. All interactions of loop D residues,
however, could be clearly identiﬁed [53]. This region forms a close
association with a proline rich loop connecting helix 6 to a short
cytoplasmic a-helix of the C-terminus (Fig. 5A). Highly conserved
H-bond interactions are visible (Fig. 5B) for AQP5 between
Tyr221 and Pro227 of the C-terminal loop, and Asp151 and
Arg152 of loop D, both of which are located near the two loop D
phosphorylation sites Ser152 and Ser156 (Fig. 3D). Although it
seems highly likely that the addition of a phosphate group on
either of these two serine residues would have structural repercus-
sions extending to the C-terminus, the details of how these struc-
tural changes may be transduced into a signal for trafﬁcking can
only be guessed at. AQP1 has also been shown to be regulated by
trafﬁcking in kidney cells [43] but loop D, which is structurally
very similar to that of AQP5, does not contain any putative sites
of phosphorylation. Rather it has been suggested that AQP1 traf-
ﬁcking may be regulated in the N-terminus [91].
A phosphorylation site is also found in loop D of AQP4 at posi-
tion Ser180 [69] (corresponding to Ser152 of AQP5), and phosphor-
ylation of this site is believed to reduce water transport activity
approximately by half due to gating. From the electron diffraction
structure of AQP4 it was speculated that phosphorylated Ser180
may interact with several positively charged residues of the C-ter-
minus and thereby induce a conformational change that partially
blocks the cytoplasmic entrance to the water channel [51]. In thiscontext it is noteworthy that the suggested interactions within
AQP4 of Ser180 in loop D with Lys259 in the C-terminus are similar
to the opening mechanism suggested from molecular dynamics
simulations of the gating of SoPIP2;1 via phosphorylation of
Ser188 in loop D [80]. Speciﬁcally, during these trajectories phos-
phorylated Ser188 formed a salt bridge with Lys270 in the C-termi-
nus, thereby removing loop D from its conformation blocking the
plant aquaporin channel. Although it is not immediately obvious
how a similar interaction between loop D and the C-terminus
could lead to the partial blocking of the AQP4 water channel, it is
intriguing how key ideas underlying the structural mechanisms
of aquaporin gating reoccur.
6. Concluding remarks
We previously suggested that the mechanisms of aquaporin
gating could be divided into the categories of aquaporins that block
the channel by ‘‘capping” and aquaporins that mediate channel
activity by ‘‘pinching” [84]. From this perspective SoPIP2;1 and
Aqy1 are clearly ‘‘cappers” that dramatically reduce their water
transport activity through gating [45,57,58], where loop D and
the N-terminus, respectively, cap the channel from the cytoplasm
and this places a key residue blocking the movement of water
(Fig. 2B). In this context AQP0 represents a special case since its
cytoplasmic entrance appears to always be blocked by Tyr149,
yet this activity may be further adjusted [35,68] by small confor-
mational changes that ‘‘pinch” on either constriction region of
the pore [47,49,84]. Since the crystal structures of AQP4
[46,51,52] do not indicate a second constriction region on the cyto-
plasmic half of the channel (Fig. 2B) they provide limited insight
into a possible mechanism of gating. Nevertheless, it should be
kept in mind that the neither the N- nor C-terminus were resolved
in these structures and, since the closure of AQP4 is believed to re-
duce its water transport activity only by a half [69], AQP4 regula-
tion might be achieved by ‘‘pinching” rather than ‘‘capping”.
Comparison of the crystal structures of the aquaglyceroporins GlpF
[22] and PfAQP [56] indicates that large differences in water trans-
port activity may be achieved by subtle effects such as changes in
the H-bond interactions of the conserved arginine of the ar/R selec-
tivity ﬁlter [56] and changes in the electrostatic environment of the
extracellular pore entrance [92].
Structural understanding of the mechanism of aquaporin traf-
ﬁcking is still in its infancy, although the similarities apparent
S. Törnroth-Horseﬁeld et al. / FEBS Letters 584 (2010) 2580–2588 2587between the known sites of AQP5 phospho-regulation [53] and the
gating mechanisms of other eukaryotic aquaporins provide tanta-
lizing hints into how trafﬁcking ﬂags may be recognized. New
experimental approaches must be developed to identify, character-
ize and stabilize the transient protein:protein interactions that
mammalian aquaporins undergo when trafﬁcked from intercellu-
lar storage vesicles or lipid rafts to the apical plasma membrane
[72,89], and vice versa. Although the goal of recovering high-reso-
lution structures revealing these interactions in exquisite detail
may require decades of work, the dramatic progress in understand-
ing the structural biology of aquaporin family members over the
previous decade bodes well for future studies. Indeed, the very
same reasons of ease of overproduction and relative stability [93]
that have made aquaporins attractive membrane protein targets
for structural investigations, may aid the development of new
structural methods for characterizing aquaporin trafﬁcking. Mem-
brane fusion steps required for aquaporin trafﬁcking share features
common to any other endocytosis or exocytosis event, which are
basic cellular processes persuasive throughout nature central to
neuron ﬁring, entry into the cell nucleus, and cell metabolism, to
name but a few examples. Thus novel structural insights into the
mechanism of aquaporin trafﬁcking will have very broad implica-
tions regarding the molecular mechanisms of cellular regulation
in all spheres of biology.
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